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INTRODUCTION
Alkali metal tert-butoxides (KOtBu, NaOtBu) play key roles in numerous organic transformations, acting as powerful bases. In recent years, they have seen widespread use in transition metalfree coupling reactions of haloarenes 1 with arenes to afford biphenyls 2 (here the arene is the solvent) 1−9 or with styrenes to afford stilbenes.
2e,3a,6c The mechanism for biaryl formation is shown in Scheme 1A. 10 Here, KOtBu has a dual role: (i) acting in combination with a wide variety of organic additives to initiate the process by converting aryl halides 1 into aryl radicals 3 and (ii) deprotonating radical 4 to form the radical anion 5; this radical anion transfers an electron to another molecule of aryl halide 1 (shown in blue), thereby propagating a chain reaction. The role of KOtBu in the activation of the aryl halides 1 is the subject of wide discussion, with some authors proposing electron transfer from the tert-butoxide anion, alone or as part of a complex, to the aryl halide. 5e,6e,7 A related but different class of reactions arises from KOtBu in DMSO as solvent. Penẽńõry et al. reported 11 reductive cleavage of dithianes, for example, 6, with KOtBu in DMSO under photoactivated conditions, proposing that the reaction was triggered by direct electron transfer from KOtBu to the dithiane within a charge-transfer complex (Scheme 1B). In 2015 using KOtBu in DMF as solvent, Taillefer et al. reported 12 S RN 1 coupling reactions between potassium enolates 10 and aryl radicals 3, the latter being formed from aryl halides 1.
These reactions afforded ketones 12 as the final products (Scheme 1C). DMF was uniquely useful in accomplishing these reactions. Through computational studies, they proposed that, following deprotonation of DMF to form carbamoyl anion 8, electron transfer occurred to the aryl halide 1,t h e r e b y generating an aryl radical 3 and carbamoyl radical 9, although no experimental evidence for electron transfer was presented. Whereas KOtBu worked well, the corresponding sodium and lithium salts were not effective. Thus, it appears that KOtBu is deeply implicated in a wide variety of electron transfer reactions, either directly or indirectly. This paper examines, in turn, the evidence in each of these cases.
TRANSITION METAL-FREE COUPLING REACTIONS
The coupling reactions of Scheme 1A are accomplished in the presence of different classes of organic additives. In two recent papers, 5b,f we made a proposal, backed by experimental evidence, that these reactions generically involve reaction between KOtBu and the organic additive to form an organic electron donor 8, 13 and that this species, rather than a tertbutoxide anion, is responsible for electron transfer to aryl halides.
One of the popular organic additives in these reactions is phenanthroline 21 (Scheme 2). It was originally proposed 1b,c that the complex 13 might directly donate an electron to an aryl iodide 14 to form complex 15, together with an aryl radical 16 and iodide anion. Our recent paper 5b reported that such an electron transfer reaction from KOtBu−phenanthroline complex 13 to iodobenzene was endergonic by about 60 kcal mol −1 in benzene as solvent and hence unlikely to play a role. 7, 12 Rather, we reacted KOtBu with phenanthroline 21 and identified organic electron donor activity. Quenching with iodine as an electron acceptor afforded a dimer 20 in 38% yield. 5b This implicated 19 as the in situ-formed electron donor to iodobenzene 14. Since that time, papers have emerged from Wilden et al., 5e and from Jutand and co-workers 6e that add to the debate. In addition, Patil has just published a computational paper 7 that examines a wide range of potential electron donors. 14 The Jutand and co-workers 6e paper used EPR spectroscopy to identify formation of phenanthroline-type radical anions, when phenanthroline was treated with KOtBu in organic solvents. Their finding was unexpected and led them to propose that tert-butoxide anion 24 must be donating an electron to phenanthroline 5e to afford the delocalized phenanthroline radical anion 22. Such delocalized radical anions are relatively long-lived and so could be detected by EPR.
Examination of their EPR spectrum resulting from reaction of KOtBu with phenanthroline in DMF as solvent (Figure 2a in that paper 6e ) shows fine structure, but the spectrum is not a symmetrical spectrum, with the possibility that more than one phenanthroline-related radical anion may be present, with superposition of the similar spectra causing the asymmetry.
We repeated the reaction of Jutand and Lei, and from EPR spectra, we confirm that radicals are indeed formed. However, given the fact that we have demonstrated that electron donor 19 is formed from phenanthroline and KOtBu, 5b we propose that, in the absence of a better electron acceptor (i.e., unlike the coupling reactions, no aryl halide is present in the EPR experiments), 19 donates an electron to phenanthroline to form two radical anions, that is, the radical anions of phenanthroline 21 and of 20, and these species together could contribute to the reported EPR spectrum. As will be seen below, the reduction potential of phenanthroline 21 and the oxidation potential of dianion 19 are compatible with electron transfer between the species.
15
Jutand and Lei's paper 6e also investigated the electrochemical properties of phenanthroline. From cyclic voltammetry (CV), reduction of phenanthroline gave rise to phenanthroline dianion 23 and phenanthroline radical anion 22.T h e y demonstrated that 23 is a strong enough electron donor to reduce bromobenzene and that 23 can also reduce phenanthroline 21 to its radical anion 22. They also showed that radical anion 22 was able to activate PhBr. They observed that the electrochemical reduction of phenanthroline 21 was inhibited in the presence of KOtBu due to a chemical reaction between KOtBu and phenanthroline. This latter finding is entirely consistent with our picture (Scheme 2, formation and reaction of 17). The difference between our viewpoints is that our evidence points toward dianion 19 as the reactive electron donor, formed from reaction of KOtBu with phenanthroline, and backed by the isolation and characterization of 20 following electron transfer. , with all steps being reversible (see SI for analysis). Considering the first and second potentials for reduction of dimer 20, respectively, associated with the formation of the radical anion (structure not shown here) and dianion 19, both these species are significantly more reducing than all our previous neutral organic electron donors, which easily reduce aryl iodides (ArI, E p = −2.0 V vs. SCE in DMF), and hence are competent electron donors to achieve the previously reported coupling reactions of iodoarenes with arenes. 13 Importantly, Jutand and Lei record the oxidation potential of tert-butoxide anion from KOtBu at +0.10 V vs. SCE in DMF, 6e and they show by cyclic voltammetry that it does not directly reduce aryl halides. This would also make it very unlikely to reduce phenanthroline 21 or its derived complex 13. In contrast, the close matching of potentials for oxidation of dianion 19 and for reduction of phenanthroline 21 indicates that reduction of phenanthroline to its radical anion by dianion 19 should be possible, thereby forming two phenanthroline-related radical anions, and providing a rationalization for the EPR spectrum reported in the Jutand and Lei paper. Although their paper proposes electron transfer from tertbutoxide anion to phenanthroline thereby affording a reducing species, in fact no evidence is present to support electron transfer specifically from tert-butoxide anion.
The other paper that gives a different mechanistic picture than ours on the coupling reactions is presented by Wilden et al., 5e who employ KOtBu with phenanthroline 21 to effect couplings but who also observed coupling in the absence of phenanthroline. The authors attributed this latter phenomenon to electron transfer from KOtBu directly to the aryl iodide, when conducted in the absence of phenanthroline; in contrast, when phenanthroline is present, they propose electron transfer from tert-butoxide anion to phenanthroline. Coupling in the presence of KOtBu and in the absence of additives had previously been reported by Bisai et al. 3g,4e We went on to propose that, while organic additives in the presence of KOtBu form organic electron donors that convert aryl iodides to aryl radicals, 5b,f a second and more sluggish activation can occur in the background in the absence of additives via benzyne 29 (Scheme 3). (We have repeated the reaction under the Wilden conditions in the absence of phenanthroline and find unambiguous evidence for benzyne formation. See SI file.
16 ) Benzyne can function as a diradical, 30, that initiates the coupling reactions by occasionally adding to the benzene solvent to form distal diradical 31.
5f Some of these radicals react further (e.g., by addition of the reactive aryl radical to a further molecule of benzene) to form arylcyclohexadienyl radical 32, and this suffers deprotonation by KOtBu to afford electron donor 33, which donates an electron to iodoarene 1 to start the much faster cycle shown in Scheme 1A leading to biaryl 2. When the propagation cycle in Scheme 1A is much faster than the benzyne initiation, the isolated products arise overwhelmingly from the reaction cycle in Scheme 1A and show apparent site-specific arylation at the iodine-bearing carbon of 1. This is in line with observed outcomes from these coupling reactions.
An important piece of evidence to support our benzyne proposal was that reaction of 2,6-dimethyliodobenzene 35 in benzene, in the presence of KOtBu but in the absence of any organic additive, gave no coupled product.
5f For this substrate, formation of benzyne would not be possible. However, in the presence of a range of organic additives (that give rise to organic electron donors in situ on reaction with KOtBu), coupling is seen with substrate 35.
A number of interesting observations from Wilden et al. appear to provide support for their proposals, and so we address these. One of the outcomes that would arise from conversion of tert-butoxide ion 24 to tert-butoxyl radical 25 would be the known fragmentation of this radical to acetone 26 and methyl radical 27 (Scheme 2).
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To model this, Wilden added 1,3-dinitrobenzene 36 (Scheme 4) to a dilute THF solution of an equimolar mixture of potassium tert-pentoxide (an analogue of KOtBu) and phenanthroline 21, and this resulted in an intense purple color. This was regarded as a positive Janovsky test, which reports the presence of an enolizable ketone or aldehyde. 18 This result was taken as evidence for the presence of a significant amount of C butanone 37, which was proposed to result from the collapse of a tert-pentoxyl radical, itself arising from the transfer of an electron from the tert-pentoxide anion (analogous to what is shown for tert-butoxide anion 24 in Scheme 2) to phenanthroline.
It was proposed that, under alkaline conditions, the enolate of butanone adds to 1,3-dinitrobenzene 36 to give a colored adduct that was represented as 38 (Scheme 4). 5e In alkaline conditions (high pH), if any ketone were present, the product resulting from the addition of the same enolate of butanone to 1,3-dinitrobenzene would initially be adduct 40, and this would require oxidation to afford 38.
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We now performed a number of experiments. Experiment a, when KOtBu (1 equiv), acetone (1 equiv), and 1,3-dinitrobenzene (1 equiv) were combined in THF, a purple color and UV−vis absorption at 552 nm resulted (Figure 2 , blue trace). The result was always the same, regardless of the order of addition (see SI for full details). Previous NMR studies by Fyfe and Foster 18d disclosed the 1 H NMR spectrum of adduct 41 when treating 1,3-dinitrobenzene in acetone solution with NaOMe, and current NMR studies mirrored those findings (See Supporting Information), so this is the normal Janovsky test outcome.
Experiment b, when we dissolved phenanthroline (1 equiv) and KOtBu (1 equiv) in THF and stirred at room temperature for 2 h and then 1,3-dinitrobenzene 36 (1 equiv) was added, a purple coloration was again observed and an absorption at 554 nm detected (Figure 2, green trace) .
To probe further, we prepared ketone 43 by an independent route. In experiment c, when this ketone (1 equiv) was dissolved in THF and KOtBu (1 equiv) was added, a purple color was again seen. However, this color was slightly different than in the previous cases, and the UV−vis spectrum of the solution showed a different absorption, at 490 nm (red trace), attributable to 39, rather than the 552−554 nm previously seen. This clearly demonstrated that the purple coloration mentioned above, resulting from the reaction of KOtBu with phenanthroline mixture in experiment b was not due to the presence of adduct 39.
Finally, we ran a test in the absence of acetone 26 and in the absence of phenanthroline 21: in experiment d, KOtBu (1 equiv) was dissolved in THF and 1,3-dinitrobenzene 36 (1 equiv) was added. The result was striking; a purple color was obtained and a UV−vis absorption at 558 nm (black trace in Figure 2 ) was detected. This result was indistinguishable from that when a ketone was present in the mixture and indicates that observation of a purple color in the Janovsky test is not sufficient to confirm the presence of a ketone. Having confirmed that the species giving rise to a purple color in experiment b when KOtBu, phenanthroline, and 1,3-dinitrobenzene are simply mixed cannot be 39, we propose 44 as a more likely candidate. Indeed, in the absence of added acetone, instantaneous addition of alkoxides to 1,3-dinitrobenzene 36 was observed by 1 H NMR, and this was accompanied by the same purple color (See Supporting Information).
Wilden's paper had also reported that when a mixture of phenanthroline and KOtBu was prepared and observed by NMR, the intensity of the tBu signal dramatically decreased almost immediately, indicating that KOtBu was rapidly consumed in a reaction. In our hands, phenanthroline and KOtBu were mixed in THF-d 8 at room temperature under an inert atmosphere for 2 h, and then the mixture was analyzed directly by 1 H NMR (Figure 3) . Importantly, and in contrast to the reported observations, we saw no collapse of the tertbutoxide signal, and the two reagents were unchanged.
Examination of the spectrum published by Wilden et al. 5e shows a singlet signal at 7.28 ppm that could be due to residual CHCl 3 . If this arose from use of CDCl 3 as NMR solvent, we considered that this would be potentially reactive to KOtBu. Wilden further noted that analyzing a mixture of potassium pentoxide and phenanthroline by mass spectrometry suggests that butanone is a major component of the reaction mixture. However, since the mixture was handled in THF and since THF has the same molecular formula as butanone, reassurance would be needed about this experiment. Moreover, DiRocco reports 20 that the fragmentation of tert-pentoxyl radical does not afford butanone together with the methyl radical in significant amounts but rather gives rise to acetone and the (more stable) ethyl radical.
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Hence it is seen that these reports do not provide convincing evidence of any direct electron transfer from the butoxide anion of KOtBu.
REDUCTIVE FRAGMENTATION OF DITHIANES
Quite aside from the coupling reactions, potassium tertbutoxide has also been proposed as an electron donor in a number of other reactions, among them the photoinduced cleavage of dithianes reported by Penẽńõry et al. (Scheme 5).
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In this reaction, a charge-transfer complex had been reported as characterized by UV−vis spectroscopy between KOtBu and the dithiane, and so this appeared to be the best documented case where electron transfer from tert-butoxide might be observed, albeit with photochemical assistance. Indeed, when a solution of 2,2-diphenyl-1,3-dithiane, 6, in DMSO was treated by us with KOtBu and 1,4-cyclohexadiene and exposed to UV irradiation, diphenylmethane 7 was the major product (45% isolated yield), in agreement with the literature findings.
T h er e p o r t e ds t a b l ec h a r g et r a n s f e rc o m p l e xb e t w e e n dithiane 6 and KOtBu had been assigned to a peak at 467 nm in the UV−visible spectrum. 11 On mixing dithiane 6 in DMSO with KOtBu, we also observed a similar absorption at 466 nm ( Figure 5, red trace) . However, in view of our misgivings about the role of KOtBu as a single electron donor, we considered whether there might be an alternative role for the KOtBu. Repetition of the reaction using KH as the base rather than KOtBu also led to the isolation of 7, albeit in a lower yield of 13%. 21 Most interestingly, the UV−vis spectrum of the mixture of 6, DMSO, and KH also showed an absorption at 466 nm, while a mixture of 6, DMF, and KOtBu gave no such absorption (See SI for UV−vis traces). These results suggest that rather than a charge transfer complex between dithiane 6 and KOtBu, a charge transfer complex between dithiane 6 and the dimsyl salt 45 is the likely source of the UV absorptions measured. Therefore, even under photoactivated conditions, evidence supporting direct electron transfer from KOtBu is lacking.
S RN 1 REACTIONS IN DMF
Recently, a number of authors have proposed electron transfer reactions when KOtBu was reacted in DMF with various types of substrate. In particular, the team of Yan suggested that a complex of KOtBu with DMF could act as an electron donor to another molecule of DMF. 22 The most recent was an intriguing study by Taillefer et al. which investigated S RN 1 reactions of aryl radicals 3 with potassium enolates 10 in the absence of photoexcitation (Scheme 1C). 12 They found that DMF was unique among solvents in promoting these reactions. It is known that KOtBu can deprotonate DMF, 23 but their proposal was that the anion of the resulting salt 8 behaves as an electron donor to aryl halides, affording the corresponding carbamoyl radical 9 and an aryl radical 3. Radical 3 then combines with enolate 10 to give radical anion 11. Electron transfer to another molecule of 1 continues the chain process and affords product 12. Their computational studies show that their proposal follows an energetically viable pathway, in which potassium ions play a special role, although there is no experimental support for their proposal from anion 8.
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Our experience with probing electron transfer reactions using substrate 35 attracted us to test for an electron transfer pathway using DMF and KOtBu (2 equiv) in benzene under previously Scheme 5. Photo-induced Cleavage Reaction of 2,2-Diphenyl-1,3-dithiane, 6
Figure 5. UV−visible spectra of 2,2-diphenyl-1,3-dithiane, 6,i n DMSO without base (black trace), of 6 in DMSO with KOtBu (red trace), and of 6 in DMSO with KH as base (blue trace). tested conditions. This substrate cannot undergo side-reactions via formation of benzyne but is converted to the corresponding aryl radical following electron transfer. This aryl radical is hindered and undergoes competing signature reactions, namely, (i) addition to benzene, leading to substituted biphenyl 50 (see drawing above Table 1 ) and (ii) hydrogen abstraction from benzene affording a phenyl radical that leads to the volatile mxylene, as well as biphenyl 51, where the ratio of 50/51 is ca. 1:3.5.
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5f,8 This substrate has given very valuable mechanistic information in studies to date.
With this substrate, when the reaction was conducted in the absence of DMF, only a barely detectable amount of biphenyls was seen (entry 1). In contrast, using DMF (1% v/v wrt the solvent benzene) and KOtBu (2 equiv) for 18 h at 130°C, coupling was observed to afford a mixture of biphenyls 50 and 51, in their characteristic ratio, in a small, but measurable amount (entry 2). This clearly indicated that an electron donor was being produced from the reaction involving KOtBu and DMF.
As mentioned, Scheme 1C is the current working hypothesis proposed by Taillefer for the reductions observed with KOtBu in DMF. However, in Scheme 6, we suggest an alternative electron donor. The DMF-derived anion 8 is known to act as a nucleophile;
23 if it attacks a neutral DMF molecule, this forms anion 52. Proton transfer affords the enolate 53, which is a candidate electron donor. Alternatively, further deprotonation should afford the dianion 54, an even better electron donor. 8 These species could then initiate electron transfer to aryl iodides to form aryl radicals, after which an S RN 1 chain reaction would follow. Checking the literature shows that reaction of carbamoyl anions with formamides has already been reported, affording dianions similar to those shown in Scheme 6.
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To distinguish between the two proposals for DMF, we made use of the effective concentration of electron donor for initiating the coupling of iodoarenes to benzene. Our plan was to compare the abilities of 55 with DMF in triggering the reactions in benzene as solvent. Specifically, we would compare (i) the reaction in the presence of a fixed concentration of 55 with (ii) the reaction with twice this concentration of DMF. If the acyl anion 8 were the electron donor, then a fixed concentration, x,of55 might work equally as well as twice that concentration, 2x, of DMF, since equal concentrations of formyl groups would be present in both reactions. But if the electron transfer agents are 53 or 54 (when DMF is used), which requires a dimerization to form an organic electron donor, then the fixed concentration of additive 55 should work much better than twice that concentration of DMF, since the positioning of the formyl groups [1,6] to each other in 55 would give a massive advantage for formation of such an electron donor by intramolecular reaction in terms of effective molarity, compared with intermolecular dimerization of two molecules of DMF. Formation of higher concentrations of electron donors would lead to higher conversion of substrate 35 over a defined time period.
When the amount of DMF was lowered (0.1 mmol, 0.2 equiv, Table 1 , entry 3), a trace amount of biaryls was formed (0.6%). However, under the same reaction conditions using linear diformamide 55 (0.05 mmol, 0.1 equiv., entry 4), a very clear increase in the amount of biaryls formed was seen (8.0%). If our proposal about the cyclization of additive 55 is correct, then introducing the more conformationally restricted diformamide 58 should be even more successful, and this was indeed the case, providing 16.1% of biaryl products (entry 5) and reacting through electron donors 59 or 60. At 110°C for 4 h and using an increased amount of additive (1% DMF, 0.5% 55 or 58) a similar trend of an increased quantity of biaryls was observed when switching from DMF to linear diformamide 55 (entries 6 and 7). A further increase in biaryl yield was observed when cyclic diformamide 58 was used (entry 8).
We explored computationally our proposed reactions between substrate 35 and (Z)-54,( E)-54, and 60 (see SI file for details). These reactions showed very achievable barriers (ΔG*) of 30.2, 23.6, and 28.1 kcal/mol with the solvent benzene modeled as a continuum. [The M062X functional 26, 27 was used with the 6-311++G(d,p) basis set 28−32 on all atoms, except for the iodine. Iodine was modeled with the MWB46 relativistic pseudopotential and associated basis set. 33 All calculations were carried out using the C-PCM implicit solvent model 34, 35 as implemented in Gaussian09. 36 ] The combined experimental and computational results provide strong evidence in support of the ability of formamides to dimerize in the presence of KOtBu to form electron donors and hence provides an alternative to the proposals of Taillefer. 
CAN KOTBU EVER ACT AS A DIRECT ELECTRON DONOR?
The reluctance of KOtBu to act as electron donor to aryl iodides in section 2 arises from the mismatch of the redox potentials. As mentioned above, aryl iodides have reduction potentials at −2.0 V vs. SCE, while the oxidation potential of KOtBu is at +0.10 V vs. SCE in DMF. 6e This does not mean that KOtBu would never act as electron donor. The search for a suitable system to demonstrate this phenomenon revealed a series of studies by Schreiner and Fokin et al. on the reaction between KOH and CBr 4 , 61, in the presence of adamantane and a phase transfer agent, where selective bromination at the methine positions of adamantane was observed (Scheme 7).
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This was explained by electron transfer from hydroxide to CBr 4 ,t oa fford a bromide anion and a tribromomethyl radical, 63. This radical is highly selective in abstracting the methine hydrogen to form the 1-adamantyl radical, 65, which in turn abstracted a Br atom from CBr 4 to form 1-bromoadamantane 66. Given that the reduction potential of CBr 4 is known in DMF (−0.31 V vs. SCE) 38 and that it represents a much more accessible reduction potential for tert-butoxide anion in KOtBu, we undertook a study of the reaction of tertiary alkoxide 24 with CBr 4 under similar conditions to Schreiner, except that we did not add a phase transfer salt. Reaction of KOtBu with CBr 4 in DCM, following the conditions of Schreiner, selectively afforded 1-bromoadamantane, 66, in line with his selective reaction where he had used potassium hydroxide, KOH. 39 Our experiments were backed by computation, which showed that electron transfer from KOtBu to CBr 4 featured a very achievable barrier of 23.3 kcal mol −1
. [The M062X functional 26, 27 was used with the 6-311++G(d,p) basis set 28−32 on all atoms, except for the bromine. Bromine was modeled with the MWB28 relativistic pseudopotential and associated basis set. 33 All calculations were carried out using the C-PCM implicit solvent model 34, 35 as implemented in Gaussian09. 36 ] This supports the idea that KOtBu can undergo electron transfer to an electrophile with a suitable reduction potential, such as CBr 4 .
In summary, reports on the unique capacity of KOtBu to cause unusual reactions have appeared regularly in the recent literature: (i) In the cases of transition metal-free coupling reactions, where the reactions are conducted in an arene solvent, to date there is no evidence to support KOtBu acting directly as an electron donor to an aryl halide. This finding accords both with electrochemical information on the oxidation potential of KOtBu and with computational evidence, as well as with our published lack of reaction between KOtBu and 2-iodom-xylene, 35 .
5b,f (ii) Reaction of KOtBu with DMSO leads to the dimsyl anion, which acts as an electron donor to appropriate substrates. 40 (iii) Reaction of KOtBu with DMF affords electron transfer activity also, but here, our experiments indicate a role for a dimerization of formamides to afford novel and strong organic electron donors. 25 Thus, in all these cases, it is the behavior of KOtBu as a base that gives access to these electron transfer reactions. The greater basicity of the KOtBu over its sodium and lithium counterparts likely results from the difference in the metal−oxygen bonding in these salts. 14 Finally, in pursuit of likely examples of direct electron transfer from KOtBu, we mirrored earlier experiments of Schreiner, who had used KOH with CBr 4 . The substrate CBr 4 has a reduction potential near to the oxidation potential of KOtBu and, in the presence of adamantane as a reporter molecule, leads to 1-bromoadamantane via the generation of tribromomethyl radicals. Computational studies show that in this case, electron transfer from KOtBu is the likely source of these radicals. This study does address a number of cases where KOtBu has been associated with electron transfer, but we are now investigating yet further cases 41 and will report on those in due course.
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